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RADIATIVE PROTON CAPTURE STUDIES AT INTERMEDIATE ENERGIES 
M.A. ~ o v a s h , "  S.L. B la t t , "  R.N. Boyd,* T.R. ~onoghue,"  H . J .  Hausman,* and A.D. Bacher 
The study of photonuclear r eac t ions  a t  i n t e r -  s t a t e s ,  including ground-state capture  ( fo r  d i r e c t  
mediate energies  is  a f i e l d  of r ap id ly  growing i n t e r e s t .  comparison wi th  e x i s t i n g  ca l cu l a t i ons ) ,  a r e  a l s o  ava i l -  
Recent ca l cu l a t i ons  of t h e o r e t i c a l  c ros s  s ec t ions  have ab l e ,  i n  prel iminary form, but add i t i ona l  de t ec to r  
indica ted  t h a t  much can be learned  about meson exchange e f f i c i ency  t e s t s  must be completed before  f i n a l  values 
effects1) and v i r t u a l  e x c i t a t i o n  of nucleons2) i n  such a r e  ext rac ted  from the  da ta .  Addit ional  experimental 
s tud i e s .  ~ o n t r o v e r s ~ ~ )  has developed concerning the  runs a r e  des i r ab l e  f o r  f u r t h e r  i nves t iga t ing  both t he  
p o s s i b i l i t y  of using experimental d a t a  from these  newly-discovered high-lying-state captures  and the  
reac t ions4)  t o  determine t h e  momentum d i s t r i b u t i o n  of low-lying t r a n s i t i o n s ,  which a r e  of continuing funda- 
protons i n  t a r g e t  nuc l e i .  Continued work, both experi-  mental i n t e r e s t .  
mental and t h e o r e t i c a l ,  is requi red  t o  s o r t  out  these  1. Intermediate-Energy Gamma-Ray Detection System 
quest ions.  Measurements of r a d i a t i v e  capture  reac- A s  t h e  r e s u l t  of design,  cons t ruc t ion ,  and t e s t i n g  
t i o n s ,  inverse  t o  t he  photonuclear r eac t ions  i nves t i -  over t he  pas t  t h r e e  years ,  we have developed a de t ec to r  
gated thus  f a r ,  can con t r ibu t e  t o  t he  r e so lu t ion  of capable of meeting t h e  requirements of t h e  intermediate- 
some of t he se  quest ions;  f u r t h e r ,  sys temat ic  s t u d i e s  energy capture  program: adequate r e so lu t ion  (Q 3.8%) 
of capture  r eac t ions  have add i t i ona l  i n t e r e s t  of t h e i r  t o  separa te  ground- and f i r s t - exc i t ed - s t a t e  y-rays f o r  
own. By inves t iga t ing  t h e  r a d i a t i v e  t r a n s i t i o n s  t o  a v a r i e t y  df n u c l e i  up t o  a t  l e a s t  100 MeV; high e f f i -  
exc i ted  s t a t e s ,  a f a r  broader s e t  of d a t a  becomes ciency;  and a b i l i t y  t o  d iscr iminate  aga ins t  neutrons 
ava i l ab l e  f o r  comparison wi th  t h e o r e t i c a l  models, and and cosmic rays.  The high t o t a l  counting r a t e s  found 
some of t h e  r e l a t i onsh ips  between s t r u c t u r e  and reac- i n  t h e  capture  measurements, a r i s i n g  from competing 
t i o n  mechanism i n  t hese  r eac t ions  may more e a s i l y  be r eac t ions ,  neces s i t a t ed  a system which a l s o  d r a s t i c a l l y  
c l a r i f i e d .  reduces pulse  p i leup  and rate-dependent gain s h i f t s .  
With t h e  completion of our i n i t i a l  (p,y) measure- The de t ec to r  is an improved vers ion  of t he  now standard 
ments a t  IUCF l a s t  summer, we now have t h e  f i r s t  sys- p l a s t i c  s c i n t i l l a t o r  sh ie lded  NaI(TR) spectrometer; t he  
tematic information on r a d i a t i v e  capture  a t  intermediate o r i g i n a l  design of B l a t t  and ~ o h l e r ~ )  da t e s  back t o  t he  
energies .  Measurements were made on l lB and 12c t a r -  e a r l y  60 ' s ,  and many vers ions  u t i l i z i n g  l a r g e  c r y s t a l s  
g e t s  a t  energies  from 40 t o  100 MeV, a t  a f i xed  y-ray have s ince  been described i n  t h e  l i t e r a t u r e .  7) 
de tec to r  angle of 600. Less extens ive  measurements I n  t h e  present  system (see  Fig. I ) ,  t he  25 x 30 cm 
were made with 27~1, 8 9 ~ ,  and 3~ t a r g e t s .  I n  t hese  NaI c r y s t a l  is viewed by 5 f a s t  phototubes, which pro- 
experiments, we observed s t rong  primary capture  y-rays duce a good compromise f o r  both energy and time resolu- 
not  only t o  t h e  ground- and low-lying exc i t ed  s t a t e s  t i on .  Neutron sh i e ld ing  i s  used both around the  
of t h e  f i n a l  nuc l e i ,  but t o  s eve ra l  i s o l a t e d  high-lying c r y s t a l ,  i n  t h e  form of a t h i n  6 ~ i  s h e l d  i n  a p l a s t i c  
exc i t a t i ons  a s  wel l .  The l a t t e r ,  unexpected phenomenon envelope, and ou t s ide  t he  e n t i r e  de t ec to r ,  where we 
is t h e  sub jec t  of a paper we have r ecen t ly  submitted have boron-loaded polyes ter  shee ts .  The p l a s t i c  scin-  
f o r  publ ica t ion  i n  Phys ica l  Review ~ e t t e r s  . The t i l l a t o r  r e j e c t s  cosmic ray background, and is used i n  
c ross  s ec t ions  f o r  primary t r a n s i t i o n s  t o  t h e  low-lying a summed-coincidence technique t o  improve t h e  de t ec to r  
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r e so lu t ion  without  t h e  e f f i c i ency  degradation of t h e  
usual  anti-coincidence technique. 
The e l e c t r o n i c s  provide f o r  p i leup  reduct ion  by 
processing t h e  f a s t  anode pulse  d i r e c t l y  i n  a charge- 
s e n s i t i v e  ADC; a u x i l i a r y  p i leup  r e j e c t i o n  is provided 
t o  e l iminate  r e s i d u a l  p i leup  wi th in  t he  200 n s  ADC ga t e  
period.  Count r a t e s  up t o  300,00O/sec were rou t ine ly  
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handled with t h i s  scheme . A t  such count r a t e s ,  a 
s p e c i a l  ga in  s t a b i l i z e r  was a l s o  requi red;  our c i r c u i t ,  
u t i l i z i n g  a second f a s t  ga t e  on t h e  anode pu l se ,  
maintained t h e  gain cons tant  t o  b e t t e r  than  1% f o r  
count r a t e s  from l o 3  t o  3 x 1 0 ~ / s e c . ~ )  I n  add i t i on  
t o  t h e  NaI pulse-height spectrum, we recorded t h e  
pulse-height i n  t h e  p l a s t i c  s c i n t i l l a t o r  f o r  a l l  coin- 
c ident  events ,  and the  t ime-of-f l ight  f o r  each event .  
This 3-parameter mode was used t o  s t o r e  da t a ,  and 
s o r t i n g  was performed, f o r  monitoring purposes, during 
each run;  r e - so r t s  were made a f t e r  t h e  runs a s  des i red .  
2. I n i t i a l  Resul t s  of t h e  Program 
Figure 2 shows t h e  y-ray s p e c t r a  obtained f o r  
l l ~ ( ~ , ~ )  a t  40, 60 and 80 MeV. The ground and f i r s t  
exc i t ed  s t a t e  captures  (yo and y l ,  r e spec t ive ly )  a r e  
seen c l e a r l y .  A prominent bump is  a l s o  v i s i b l e  f o r  
capture  t o  a s t a t e  (or  narrow group of s t a t e s )  a t  
19.2 f 0.6 MeV e x c i t a t i o n  i n  12c. The bump moves with 
t h e  kinematics appropr ia te  f o r  a capture  y-ray; no 
competing r eac t ions  produce y-rays with such an energy 
dependence. 
Measurements were a l s o  taken on 2 7 ~ 1  t a r g e t s .  The 
27Al(p,y) measurements do not  resolve  t h e  captures  t o  
low-lying s t a t e s  c leanly .  However, aga in ,  a  prominent 
bump shows up a t  lower y energies .  The bump moves, 
aga in ,  exac t ly  a s  expected f o r  a  capture  y-ray, and 
we iden t i fy  it a s  due t o  a primary capture  t o  a s t a t e  
o r  group of s t a t e s  a t  13.8 f 0.6 MeV e x c i t a t i o n  i n  
2 8 ~ i .  
The d i f f e r e n t i a l  c ros s  s ec t ion  f o r  t h e  IB (p,y)  12c* 
(19.2 MeV) peak, est imated by sub t r ac t ing  a smooth 
background from t h e  peak, is 0.96 f 0.3 ub/sr  a t  40 
MeV and 0.12 f 0.04 pb/sr  a t  60 MeV. The 2 7 ~ l ( p , y ) 2 8 ~ i *  
(13.8 MeV) peak is produced with a c ros s  s ec t ion  of 
Q 1.0 f 0.3 vb / s r  a t  40 MeV. The l a r g e  unce r t a in t i e s  
a r i s e  almost e n t i r e l y  from a l ack  of knowledge of t h e  
shape of t he  y-ray continuum i n  t he  v i c i n i t y  of t he  
peaks of i n t e r e s t .  
S t a t e s  most s t rong ly  populated i n  a (p,y) r eac t ion  
on a t a r g e t  with a s i n g l e  proton hole i n  its outermost 
s h e l l ,  which is t h e  case  f o r  both IB and 27~1, would 
l i k e l y  be ones of a  simple one-par t ic le  one-hole na- 
t u r e ,  where t he  incoming proton simply r a d i a t e s  away 
enough energy t o  al low it t o  drop i n t o  t h e  appropr ia te  
p a r t i c l e  o r b i t .  The most i n t e r e s t i n g  candidates f o r  
t he  high-lying 12c and 2 8 ~ i  s t a t e s  reported here  a r e  
t he  "stretched" conf igura t ion  s t a t e s  described by 
Dannelly and walker9) and experimental ly observed i n  
i n e l a s t i c  e l ec t ron  s c a t t e r i n g ,  l o )  i n e l a s t i c  proton 
scattering,' ') and t h e  ( a , t )  reac t ion .  12)  These s t a t e s  
- 1 
a r e  thought t o  have, i n  12c, a  configura- 
t i o n  summing t o  5"=4-, and i n  2 8 ~ i ,  (d3)2,f7,2) summing 
t o  6-, The ( e , e t )  experiments p lace  t h e  4- s t a t e  i n  
12c a t  19.6 MeV, compared with our observed f i n a l  s t a t e  
energy of 19.2 + 0.6 MeV. I n  2 8 ~ i  t h e  6- s t a t e  has  
been loca ted  a t  14.3 MeV, while our peak appears t o  
a r i s e  from captures  t o  a s t a t e  a t  13.8 f 0.6 MeV. I n  
both cases ,  t h e  i n e l a s t i c  s c a t t e r i n g  s t u d i e s  i nd i ca t e  
s t a t e s  narrower than our de t ec to r  r e so lu t ion ;  i n  our 
experiment, t he  observed 2 8 ~ i  t r a n s i t i o n  shows a near ly  
unbroadened l i n e  shape, while t he  12c l i n e  appears t o  
be broadened somewhat beyond t h e  IL 200 keV width re- 
ported from ( e , e l ) ,  although background unce r t a in t i e s  
do not  al low d e f i n i t e  widths t o  be assigned i n  t he  
present  experiment. 
I f  we do i d e n t i f y  t h e  s t a t e s  observed he re  a s  
s t r e t ched  conf igura t ions ,  we can expect some f u r t h e r  
i n t e r e s t i n g  e f f e c t s  t o  show up i n  r a d i a t i v e  proton 
capture  experiments. Such conf igura t ions  would have 
very l i t t l e  r a d i a t i v e  s t r eng th  f o r  e l e c t r i c  d ipole  
decays t o  lower-lying s t a t e s ;  very s t rong El  t r ans i -  
t i o n s  ( e s s e n t i a l l y  t he  e n t i r e  sum-rule value) could 
then take  p lace  between higher-lying s t a t e s  and the  
s t a t e s  of i n t e r e s t .  For example, a  g iant  d ipole  
resonance f o r  f712 protons could be b u i l t  on t h e  ' 2 ~  
4' s t a t e ;  l ikewise ,  gg/2 protons could undergo resonant 
capture  t o  t h e  6' s t a t e  i n  28~ i .  Such "second harmonic" 
resonant capture  could be sought i n  (p,y) experiments 
i n  t he  20-40 MeV range of bombarding energies ,  and, i f  
observed, would provide s t rong support  f o r  t he  simple 
p i c tu re s  presented he re ,  namely, t h a t  we a r e  see ing  
the  f i r s t  evidence f o r  2Lw t o  l K w  r a d i a t i v e  t r ans i -  
t i ons .  
The spectrum of y-rays from l2Gtp is  q u a l i t a t i v e l y  
d i f f e r e n t  from the  o the r  two reac t ions .  The dominant 
peak a t  t h e  high-energy end of t he  spec t r a  measured f o r  
40-100 MeV protons is  observed t o  be from 1 2 ~ ( p , y 2 ,  3) 13N, 
where t h e  f i n a l  s t a t e  is the  unresolved second and/or 
t h i r d  exci ted  s t a t e  of 13N. The lower-energy po r t i on  
of t h e  40 MeV spectrum is charac ter ized  by t h r e e  broad 
peaks. I f  t he se  peaks a r i s e  f ram 12c(p ,y) , the f i n a l  
s t a t e  groups i n  1 3 ~  would be centered a t  16.1, 12.0, 
and 8.1 MeV. Unfortunately,  i n  t h i s  case,  t he  peaks 
cannot be unambiguously assigned t o  t he  capture  reac- 
t i o n ,  because t h e  s t r u c t u r e  i n  t h e  spectrum becomes 
washed-out a t  t h e  o the r  measured energies .  Measure- *0hio S t a t e  Univers i ty ,  Columbus, OH 43212 
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